It was recognized more than 60 years ago that administration of carbohydrate to fasting animals causes a fall in urinary nitrogen output, whereas the giving of fat does not have a similar effect (see review of literature by Munro, 1951). In confirmation of this difference between the actions of carbohydrate and fat, the giving of glucose to fasting subjects causes a sharp and transient fall in blood amino-acid concentration, which does not occur after the administration of fat (Munro & Thomson, 1953). Thus carbohydrate has some specific action on the protein metabolism of fasting animals, but, despite attempts at elucidation, the mechanism remains obscure (Munro, 195 I).
Analysis of urine and liver. The urine was analysed for N by the micro-Kjeldahl procedure, mercury being used as the catalyst (Munro & Naismith, 1953) . The liver was homogenized in water with a top-drive blender (Measuring and Scientific Equipment Ltd) and a portion of the homogenate taken for determination of total N. The remainder was retained for estimation of protein content by precipitation with trichloroacetic acid (TCA), followed by extraction with fat solvents (Munro & Naismith, 1953) . The N content of the resulting dry powder was estimated and a correction for N contributed by nucleic acids in the powder was obtained by determining the total phosphorus content of the powder by the method of Allen (1940) and multiplying the figure by 1.69.
Studies with labelled amino acids
The effect of glucose administration on the deposition of [35S]methionine, [14C]-glycine and [14C]leucine in various tissues was examined.
Animals. Young adult male albino rats were fasted for 24 h and those weighing close to 200 g were selected. These were then injected intraperitoneally with zopc of ~~-[~~S ] m e t h i o n i n e or [2-14C]glycine or with I O~C of ~~-[~-~~C ] l e u c i n e in I ml of 0.9 % NaCl solution. After an interval of 0-5 h to allow the labelled amino acid to be absorbed from the peritoneal cavity, the animals were given by stomach tube either 4 ml of a 50% (w/v) glucose solution, I ml olive oil, or 4 ml water (control group).
At I , 2,4 or 6 h after this meal, they were killed by a blow on the head, and samples of liver and of thigh muscle, and in some instances of intestinal mucosa and of diaphragm, were taken for determination of radioactivity. The intestinal mucosa was obtained by scraping the inner surface of the cleaned small intestine. The fibrous central tendon of the diaphragm was discarded. Treatment of tissue samples. The liver and intestinal mucosa were homogenized in 20 ml of 30 yo (w/v) ice-cold TCA in a blender. In all experiments with labelled methionine, and in the earlier experiments with [14C]glycine, protein was prepared from the muscle samples by the method of Sinex, McMullen & Hastings (1952) . The enzymes were first inactivated by immersion of the portion of muscle in 0.1 N-H,SO,, followed by homogenization in the blender in 20 ml of O~~N -N~O H for 15 min. After frothing had subsided, the protein was precipitated by addition of 30% TCA. In later experiments with [14C]glycine and in those with [14C]leucine, the muscle was rapidly minced with scissors and then homogenized in 10% ice-cold TCA without preliminary treatment with alkali.
TheTCAprecipitates obtained from thesevarious organs were then washed twice with 10 yo ice-cold TCA and finally heated for 15 min in 10 % TCA to remove nucleic acids (Schneider, 1945) . The insoluble residue was dissolved in oeq~-NaOH, the solution reprecipitated with 30 yo TCA and the precipitate separated by centrifugation. This procedure has been recommended by Melchior & Halikis (1952) for the removal of free amino acids trapped in the protein precipitate, and was carried out twice on each sample. The precipitated protein was then washed successively with 20 ml portions of the following fat solvents: 95 yo (v/v) ethanol (twice), ethanol-chloroform (3 : I), ethanolether (3: I), absolute ethanol, and ether. The protein was finally separated from the ether suspension by filtration through a Hirsch funnel.
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Measurements of radioactivity on samples of whole protein. After injection of [14C]-glycine and [14C]leucine, the protein samples were counted without isolation of the labelled amino acids. The protein sample, dried from ether, was finely ground in a glass mortar and counted at infinite thickness on a Polythene planchet I cm in diameter, with an end-window Geiger-Muller tube. The activity was expressed as counts/min/planchet (specific activity).
Isolation of methionine from protein. The dried, fat-extracted protein ( IOO mg) was refluxed under N, in 6 N -H C~ for 8 h (Kassell & Brand, 1938) . The HC1 was removed by distillation under reduced pressure and the residue taken up in distilled water. Methionine was then isolated from the hydrolysate and counted by a method that will be published later. This method involved precipitation of cystine as the copper salt (Zittle & O'Dell, 1941) , oxidation of methionine in the oxygen bomb and isolation of the inorganic sulphate formed as benzidine sulphate (Young, Edson & McCarter, 1949) . The latter was then assayed for radioactivity with an end-window GeigerMuller tube. The activity was expressed as counts/min/mg methionine S (specific activity).
Isolation of free glycine from the cell. The supernatant fluid obtained when the proteins of the tissues were precipitated with TCA was collected and washed with ether until the p H rose to 4. The aqueous phase was then dried under reduced pressure, the residue taken up in a small quantity of water and allowed to react with fluorodinitrobenzene to yield dinitrophenylglycine, as described by Clark, Naismith & Munro (1957) . The radioactivity of the product was then assayed as described by these authors and expressed as counts/min/Ioo pg glycine (specific activity). The purity of the dinitrophenylglycine finally isolated was periodically checked by ascending paper chromatography with tertiary amyl alcohol as the developing solvent (Blackburn & Lowther, 1951) . It was also established that the use of o~~N -N~O H in preparing the muscle homogenate before precipitation with TCA (see above) did not affect the specific activity of the glycine subsequently isolated from the TCA extract.
RESULTS

Nitrogen-retention studies
As is well known, the giving of glucose to fasting animals of various species causes a reduction in urinary output of N (see review by Munro, 195 I) . Table I demonstrates that this response also occurs in the rat, since the giving of glucose for 24 h resulted in a lower N output than occurred during fasting or after the giving of fat. Analysis of the liver at the end of the 24 h period showed, however, that the retained N was not deposited in that organ; instead, its N content was reduced owing to a fall in liver protein ( Table I) . These findings were evaluated statistically by analysis of variance. Since the responses of urinary N and liver N to carbohydrate and fat administration were not significantly influenced by the protein content of the preceding diet ( P > 0.05 for interaction), the results obtained at the two levels of protein intake can be considered together. The diet given during the final 24 h period was shown to have a significant effect on urinary N output ( P < 0-OI), on total liver N ( P < 0.05) and on liver protein (P < 0.05). From the error variances obtained in the statistical analyses, the minimum values needed to establish a significant difference between groups of rats were computed (Snedecor, 1946), and the changes produced by carbohydrate and by fat administration were compared with these values ( Table I) . The giving of glucose caused a depression in urinary output of N which exceeded the I yo level of significance, whereas the reduction in N output after giving fat just exceeded the 5 yo level of significance. The total N content and the protein content of the liver were reduced by administration of glucose, but not by administration of fat. The reduction in total N content did not differ significantly from the mean value obtained with the fasting group, but was significantly different from the value obtained with the group given fat. The giving of carbohydrate reduced the protein content of the liver significantly below the level observed in the fasting group and in the group given fat. Table I . Urinary nitrogen output and liver nitrogen content of rats after they had received carbohydrate or fat for 24 h (After a 6-day preliminary period on diets adequate in protein or free from protein, the rats were either fasted or given 12 g glucose or j ml olive oil over a 24 h period, during which urine was collected. 
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* Based on the combined results for the rats given the diet adequate in protein and those given the protein-free diet.
Since a tissue or tissues other than the liver must thus be responsible for the retention of N occurring after glucose administration, further exploration was made by injecting labelled amino acids and determining the effect of glucose administration on their distribution among different tissues.
Experiments with labelled amino acids Studies with [35S]methionine. Rats were injected with [35S]methionine and given
glucose, olive oil or water (controls) 0-5 h later. They were killed at various time intervals up to 6 h after feeding and the uptake of labelled methionine was determined in several organs. The specific activity of methionine isolated from the proteins of different organs differed considerably (Fig. I) methionine incorporation by the proteins of the intestinal mucosa, liver and muscle was evaluated statistically by analysis of variance. There was no significant effect of feeding with glucose or with olive oil on the uptake of r5S]methionine by the proteins of intestinal mucosa or of liver ( P > 0.05). For the diaphragm and leg muscle, however, the animals given glucose differed significantly from those given water or fat. Two hours after feeding, the glucose-fed rats showed somewhat less incorporation of [35S]methionine than did those in the other groups, but at 4 h and in leg muscle at 6 h, the glucose-fed group exhibited a significantly higher uptake of the labelled amino acid (P < 0.05 for the effect of treatment on specific activity). Though these results suggest a specific action of glucose on protein metabolism in muscle, their interpretation remains equivocal. The more intense radioactivity in the muscles of the glucose-fed animals could be due to increased protein synthesis, or it could represent greater labelling of the methionine in the amino-acid pool of muscle from which the proteins are synthesized. Measurements of the radioactivity of methionine in the free amino-acid pool seemed likely to present difficulties, and we therefore turned to [14C]glycine in order to study the effect of glucose administration on the free amino-acid pool.
Studies with [14C]gZycine. When animals were injected with [z-14C]glycine and then given glucose, the same picture emerged as that obtained with [35S]methionine. One hour after glucose administration, the muscle proteins had taken up less radioactivity than after administration of water, but thereafter radioactivity in the muscle protein of the glucose-fed group rose more rapidly than that of the control group ( Table 2) . Liver protein did not share in this response. The specific action of glucose on muscle is best seen when glycine uptake by muscle protein is expressed relative to uptake by liver protein ( Table 2 ). The radioactivity of muscle protein relative to liver protein increased more rapidly after glucose administration than after administration of water ; the difference between the two groups (last column of Table 2 ) showed a significant positive linear regression in relation to time after feeding ( P < 0.02). With [l4C]glycine, it was possible to study the effect of glucose administration on radioactivity in the free amino-acid pools of liver and muscle. After glucose administration, the specific activity of the free glycine of the muscles increased above the level found in the liver (Fig. 2) ; this effect was not produced by water or olive oil. The specific effect of glucose on the glycine pool of muscle was explored more fully with a larger series of animals. This experiment showed that the ratio of the specific activity of the free glycine of the muscle to that of the liver increased steadily with time after injection in the groups given water or glucose (Fig. 3) , but the ratio was significantly greater for the latter group ( P < 0.01 by analysis of variance). A difference between the two groups was already evident 2 h after glucose administration, and at 6 h the ratio for the animals given glucose was about 50 yo greater than the ratio for the animals given water. This increase in the radioactivity of the free amino-acid pool on administration of glucose seems adequate to account for the observed increment in glycine uptake by muscle protein (Table 2) without the need to postulate a change in the rate of protein synthesis.
Studies with [14C] leucine. I n a few experiments, uptake of ~~-[~-l~C ] l e u c i n e by the proteins of liver and muscle was examined at I and 2 h after the giving of glucose or water (Table 3) . When the results are expressed as uptake by muscle protein relative to uptake by liver protein, preferential deposition of the amino acid in muscle after administration of glucose is apparent at both time intervals. This action of glucose is significant (P < 0.05 by analysis of variance) and occurs at a much earlier time than Fig. 3 . Changes in the specific activity of glycine in the free amino-acid pool of muscle relative to that of liver after administration of glucose (0-0) or water ( 0 ---0 ) to fasting rats previously injected intraperitoneally with [~-'~C]glycine. The results are described by the equations y = 0.58 + IYZOX for animals given glucose, and y = 0.61 f o . 7 0~ for animals given water, where x is the log of the time (h) since feeding and y is the ratio of the specific activity of free glycine in the muscle to that of free glycine in the liver of the same animal. Each point on the graph represents the mean result obtained with five animals.
the increase in labelling observed with r5S]methionine or [14C]glycine. Since we did not measure the activity of [Wlleucine in the free amino-acid pool, we cannot say whether the greater incorporation into muscle protein after glucose administration coincides with increased labelling in the free amino-acid pool of muscle, as with [14C]glycine. 
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When the two time intervals are combined, the mean difference is + 1.5, with a standard error of k0.3.
DISCUSSION
When carbohydrate is given to fasting animals, there is a rapid but transient fall in blood amino-acid level and at the same time the urinary output of N decreases (Munro, 1951) . The giving of fat does not produce similar changes. The investigation described here was an attempt to explore the mechanism underlying this specific action of carbohydrate on protein metabolism. As a first step in determining where amino acids are deposited after carbohydrate administration, glucose was given to rats for 24 h and the changes in urinary output of N were compared with the changes in liver composition. Although the giving of glucose caused a reduction in urinary output of N, protein was at the same time lost from the liver (Table I ). This observation is in agreement with previous experiments on rats (Munro & Naismith, 1953) in which the energy content of a protein-free diet was increased by addition of either carbohydrate or fat to the diet. An improvement in N balance was observed only when carbohydrate was the additional source of energy, but this gain in body N was accompanied by a loss of liver protein.
Since none of the retained N could be accounted for as liver protein, the effect was studied of glucose administration on deposition of amino acids in different tissues. Evidence of preferential deposition in muscle protein after administration was obtained with each of the three amino acids used. With [14C]leucine, uptake by muscle protein was increased I h after the giving of glucose (Table 3) , which corresponds to the period when the blood amino-acid level of the rat is falling most rapidly after carbohydrate administration (Munro & Thomson, 1953) . On the other hand, an increased deposition of r5S]methionine and of [14C]glycine in muscle protein was not observed until z h or more after the giving of glucose (Fig. I and we showed that the increase in radioactivity of muscle protein coincides with an increment in the specific activity of the glycine in the free amino-acid pool of muscle (Figs.  2 and 3) , and we conclude that the changes in labelling of muscle protein do not necessarily imply increased protein synthesis. Although no explanation can be offered of why the responses observed with glycine and methionine should differ in rate of development from that with leucine, it should not be allowed to obscure the fact that, with all three amino acids, administration of carbohydrate produced a change in muscle not found in the liver. The action of administered glucose on the amino-acid level in the blood appears to involve the secretion of insulin, since no reduction in level occurs in rats with alloxan diabetes ).
If we assume that muscle is the major tissue in which amino acids are deposited after glucose administration, the following can be offered as the most probable sequence of events. First, in response to carbohydrate administration, there is secretion of insulin, which leads to deposition of amino acids in some form in muscle. This deposit causes a reduction of the amino-acid level in the blood and as a result the supply of amino acids to other tissues is curtailed, with two consequences, (a) urea production by the liver is reduced (protein-sparing action), and (b) tissues other than muscle have a diminished supply of amino acids for protein synthesis. This latter effect is shown in our experiments by a significant reduction in the protein content of the liver after administration of carbohydrate for 24 h ( Table I) . A similar effect on formation of red cells is the most likely explanation of the finding that blood regeneration occurs more rapidly in fasting dogs than in dogs receiving a carbohydrate diet (Whipple, Hooper & Robscheit, 1920) . Finally, it may be pointed out that this reciprocal relationship between muscle and other tissues of the body may help to explain other metabolic phenomena. For example, cortisone causes a loss of protein from the peripheral tissues which is accompanied by a gain in liver protein (Silber & Porter, 1953) . This effect has been ascribed to utilization by the liver of amino acids arising from breakdown of muscle protein (Goodlad & Munro, 1959) . SUMMARY I. The mechanism by which administered carbohydrate causes a reduction in blood amino-acid level and in urinary output of nitrogen was investigated in rats by studying the changes in the distribution of N and labelled amino acids in different tissues.
2.
The urinary N output of rats that had been fed for 24 h on glucose was markedly diminished as compared with the output of animals fed on olive oil or fasted, but none of the retained N was deposited in the liver, which on the contrary contained significantly less protein than in the other two groups.
3. Rats were injected with labelled amino acids and their deposition in the proteins of liver, intestinal mucosa and muscle was studied. Compared with animals receiving water or olive oil, rats given glucose showed enhanced incorporation of labelled amino acids into muscle protein. With [14C] glycine, it was accompanied by increased radioactivity in the free amino-acid pool of muscle. It has been assumed that the tissue lost by obese people on a reducing regimen is of a similar composition (Keys & Broiek, 1953; Ljunggren, 1957) . I n the present study the composition of obesity tissue lost by people on a reducing regimen was estimated from the changes in total and extracellular body water and exchangeable potassium.
EXPERIMENTAL
Subjects and procedure. Seven patients, five females :and two males, being treated for obesity as out-patients, were studied. None showed signs of cardiac insufficiency, disturbances of water and electrolyte metabolism, or abnormal thyroid function. Their ages, body-weights and heights are shown in Table I .
The measurements were taken before and after restriction of calorie intake by means of a prescribed diet containing about 800 kcal/day. All patients were given amphetamine to allay hunger, and five were also given a small dose of desiccated thyroid.
The interval between the two measurements varied from 80 to 303 days ( Table I ) . Estimation of body water and potassium. Total body water was estimated as the volume of distribution of deuterium oxide (Ljunggren, 1955) . Extracellular water was
